LOPES was a digital antenna array detecting the radio emission of cosmic-ray air showers. The calibration of the absolute amplitude scale of the measurements was done using an external, commercial reference source, which emits a frequency comb with defined amplitudes. Recently, we obtained improved reference values by the manufacturer of the reference source, which significantly changed the absolute calibration of LOPES. We reanalyzed previously published LOPES measurements, studying the impact of the changed calibration. The main effect is an overall decrease of the LOPES amplitude scale by a factor of 2.6 ± 0.2, affecting all previously published values for measurements of the electric-field strength. This results in a major change in the conclusion of the paper 'Comparing LOPES measurements of air-shower radio emission with REAS 3.11 and CoREAS simulations' published in Astroparticle Physics 50-52 (2013) 76-91 [1]: With the revised calibration, LOPES measurements now are compatible with CoREAS simulations, but in tension with REAS 3.11 simulations. Since CoREAS is the latest version of the simulation code incorporating the current state of knowledge on the radio emission of air showers, this new result indicates that the absolute amplitude prediction of current simulations now is in agreement with experimental data.
Improved calibration of LOPES
LOPES was the radio extension of the KASCADEGrande particle-detector array for cosmic-ray air showers [2, 3] . Triggered by KASCADE-Grande, it detected the radio emission of the same air showers as measured by the particle-detector array in the effective frequency band of 43 − 74 MHz.
For calibration of LOPES, we used an externally calibrated reference source consisting of a signal generator and a biconical antenna [4] . This reference source emits a train of equidistant pulses, which in the frequency domain corresponds to a comb with 1 MHz spacing. The manufacturer provided reference values for this source with an overall uncertainty of 2.5 dB, which was the main contribution to the total two-sigma uncertainty of roughly 35 % for the LOPES amplitude scale as published earlier [4, 1] . We provided the reference source also to other experiments, namely LOFAR [5] and Tunka-Rex [6] , to have a consistent absolute amplitude scale between these experiments. Their results can now be compared on an absolute level, which was a problem for historic experiments [7] .
In this context, the reference source has been remeasured by the manufacturer [8] . The old calibration values used for previous LOPES publications characterized the reference source for free-field conditions. This means that a reflective ground in a horizontal setup was used in the manufacturer's calibration measurement of the reference source. Such a setup is useful for ground-based communication applications, but leads to significant interference effects. The manufacturer's measurement was performed at several heights above ground, finally taking the maximum value. Consequently, the effect of constructive interference was significantly enhanced. Because ground effects are already taken into account in the simulation of the LOPES antennas used for the evaluation of air-shower measurements, this led to a significant overestimation of the amplitudes measured with LOPES. To first approximation, a factor of two difference is expected between free-field conditions with constructive interference of ground reflections and the now-used free-space conditions corresponding to no reflections.
Based on a new measurement of our reference source (not just of a source of the same type), the * Corresponding author: frank.schroeder@kit.edu 2.6 ± 0.1 Figure 1 : Change in amplitude (electric-field strength) of LOPES measurements due to the new, improved absolute calibration for the height of the interferometric cross-correlation beam and ǫ100. The change is not exactly equal for all events, because the calibration is slightly frequency-dependent, and each LOPES measurement might have a different frequency spectrum, since this depends on the shower geometry.
new calibration values have now been determined for free-space conditions, which better match the situation of air showers. The two-sigma scale uncertainty of the amplitude is still given as 2.5 dB by the manufacturer. This corresponds to a one-sigma uncertainty of 16 % for the amplitude (field strength) scale. This uncertainty covers potential repeated measurements under equal conditions, not the change between different conditions. At the more sensitive instrument LOFAR it has been checked that these new free-space reference values are consistent within the scale uncertainty with an independent calibration on galactic background [9] . It turns out that the new reference values lead to a significant change of the LOPES amplitude scale.
Impact on shower reconstruction
We have analyzed the impact of the improved calibration on the reconstruction of the radio emission measured with LOPES for a data set of about 500 events recorded with east-west aligned antennas which has been used in reference [1] . The number of selected events is slightly lower, since due to the improved calibration a few events close to threshold do not pass anymore the quality cuts. Moreover, we have made a few smaller improvements in the analysis pipeline [10, 11] which, however, have no significant impact on the results reported here. This function has two parameters: ǫ 100 , the amplitude (electric-field strength) at 100 m distance from the shower axis, and η describing the slope of the lateral distribution. Fig. 1 shows that the amplitude scale of both the cross-correlation beam and of ǫ 100 is lowered by the average factor of 2.6 ± 0.2 due to the improved calibration (combining both values in Fig. 1 ). The shape of the lateral distribution remains practically unchanged: the average value for η changes by less than its systematic uncertainty of about 1 km -1 (not shown here). Consequently, previously published LOPES results remain valid, but all field-strength values have to be divided by 2.6 ± 0.2, which affects, e.g., the proportionality factor in published formulas for energy reconstruction [14, 15, 16] .
Significance for comparison to simulations
The lowered amplitude scale has important consequences for the comparison of simulated and measured lateral distributions. In reference [1] , we compared LOPES data to the now obsolete predictions by REAS 3.11 [17] and those of its state-of-the-art successor CoREAS [18] , which predicts roughly two times lower amplitudes ǫ 100 than REAS 3.11. Both, REAS 3.11 and CoREAS, are microscopic simulation codes based on CORSIKA [19] , and implicitly include all emission mechanisms known to be relevant. The main difference is that CoREAS calculates the radio emission directly during the simulation of the particle shower, while REAS 3.11 calculates it afterwards based on histograms which neglect some correlations of the particles in the shower development.
With the improved calibration the amplitude parameter ǫ 100 of the CoREAS simulations almost perfectly matches the measured data (event-by-event comparison and histograms in Fig. 2 ). The mean deviation is only 2 % with protons as primary particles, and 9 % for iron nuclei as primary particles. Both deviations are much smaller than the remaining onesigma uncertainty of the LOPES amplitude scale of approximately 16 %.
For REAS 3.11 the situation is different (event-byevent comparison in Fig. 3, histograms not shown) . The scaling factor needed to bring REAS 3.11 simulations in perfect agreement with LOPES measurements now is f = 0.43 and f = 0.46 for proton and iron primaries, respectively. Even including an ad- ditional 20 % uncertainty for the KASCADE-Grande energy scale [20] used as input for the simulations, this is at tension with the measurements. In other aspects tested in reference [1] , in particular with respect to the slope parameter η and its dependence on the geometry, LOPES measurements continue to be compatible with the simulations. However, for the dependence of the amplitude on the zenith angle, we observe a slight difference between measurements and CoREAS simulations reported in reference [14] . This difference remains, i.e. the scaling factor f varies by several 10 % over zenith angle [10, 11] . Nevertheless, this is not necessarily a problem of the simulations, since the effect could be due to systematic uncertainties of the antenna model used for conversion of LOPES measurements. Hence, this should be checked with other experiments using different antennas. Consequently, all tested aspects of CoREAS are compatible with LOPES measurements, which is remarkable because CoREAS does not feature any free parameters tuned against the data.
